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ABSTRACT 
A Lab-based Study of N95 FFRs Against Cigarette Smoke Under Varying Concentrations 
and Sealing Conditions 
Jacob Davis 
Respirators are a common form of protection when working in environments where workers are 
exposed to harmful agents. One exposure that has not been rigorously tested is cigarette smoke. 
Air sampling was conducted to test the effectiveness of four different respirators N95 Respirators 
for various concentrations of cigarette smoke and seal conditions and for different respirators. 
The Moldex 2200, Moldex 2300 (exhalation valve), Gerson 1730, and 3M 8210V (Exhalation 
valve) were used for testing. The set concentrations were 100,000: 200,000: and 400,000 cm3 
with an error allowance of 20% for each concentration. Different flow rates (15, 30, 50, and 85 
liters/min). Different sealing conditions were also tested in conjunction with other factors (fully 
sealed, 1 leak, 2 leaks, or 3 leaks). The results for fully sealed respirators ranged from 0.45 - 
0.50% particle penetration. Particle penetration rose as total flow rate increased. Particle 
penetration was not clearly correlated to particle concentration. As more leak points were 
introduced to the respirators the particle penetration rose from 1% at the lowest flow rate (15 
lpm) and reached as high as 3.5% at the highest flow rate (85 lpm). The most important factor for 
particle penetration was leaks around the perimeter of the respirators. Increasing flow rates 
exacerbated the particle penetration for any amount of leak points. The overall differences in 
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CHAPTER 1:  Introduction 
Respirators are an important tool to use when there is no viable engineering control 
system for reducing worker exposures. Depending on the situation different types of respirators 
may be required, so NIOSH has guidelines for selection of respirators for different environments. 
Current types of respirators include unapproved single-strap dust masks and NIOSH approved 
filtering face pieces, half-face respirators, full face respirator, loose-fitting powered-air-purifying 
respirators (PAPR), and a self-contained breathing apparatus (SCBA)(OSHA, 2018).  
Single strap dust masks are not approved for use by NIOSH because they do not provide 
adequate protection from exposures. As a result they are not used in industry. Dust masks 
provide protection from dust, mists, welding fumes, etc. They should not be used for protection 
from asbestos, lead, gases, or vapors. Half faced respirators can be used for protection against 
most vapors, acid gases, and dust/welding fumes. These respirators use special cartridges and 
they must match the type of contaminant the individual is being exposed to. The cartridges also 
need to be changed periodically since they do not last indefinitely. Full faced respirators operate 
the same way, but they also protect the face and eyes from irritants and contaminants as well. 
PAPR utilizes a battery powered fan that pulls air in through a filter and circulates the filtered air 
through the hood being worn. Again, the cartridge and filter must match appropriately to the 
situation and changed periodically. The SCBA provides the most protection and are required for 
use when entering an atmosphere that is considered immediately dangerous to life and health or 
oxygen deficient. This type of respirator uses its own oxygen tank and should be checked before 
use (OSHA, 2018). 
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 The main type of respirator people think of when they hear the term is a dust mask. They 
are the most simple and cheapest kind of mask available, but they offer the least amount of 
protection in comparison to respirators. Respirators 2 straps and are classified by the particulates 
they filter. N-95 respirators are widely used when dealing with dusts, mists, fumes, etc. The “N” 
dictates that the respirator is not resistant to oil, and therefore should not be used in the presence 
of oil particulates.  However, they do not provide protection from gases or vapors. This is 
because the particles do not get trapped by the filter and as a result are ineffective. Each situation 
must be taken into account when selecting the appropriate respirator for the task at hand. 
 In addition to the respirator they must also undergo proper fit testing to ensure they’re 
performing properly on the individual. OSHA has mandatory fit testing procedures outlined in 
1910.134 Appendix A. This covers everything from selecting the proper fitting respirator, irritant 
testing, bitrex testing, qualitative and qualitative fit testing, etc. to an exercise test while the 
respirator is being worn (OSHA, 2018).Qualitative testing is used on a pass/fail basis and is 
based on the wearer’s reaction to the current methods. The current qualitative fit testing methods 
accepted by OSHA are: 
 Isoamyl acetate, which smells like bananas; 
 Saccharin, which leaves a sweet taste in your mouth; 
 Bitrex, which leaves a bitter taste in your mouth; and 
 Irritant smoke, which can cause coughing. 
 Quantitative fit testing utilizes a machine to measure the actual leakage inside the respirator and 
does not rely on the senses. OSHA approves of the following three methods for quantitative fit 
testing: 
 Generated aerosol; 
 Ambient aerosol; and 
 Controlled Negative Pressure. 
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The reason for performing these tests is to ensure the individual will be safe when actually 
working in the area of the exposure. Improper fitting will expose the individual to potentially 
dangerous and life-threatening hazards.  
 The N95 respirators are made by several companies and have different classifications. 
These can be surgical or non-surgical and occupational or non-occupational. Surgical N95 
respirators are designed to be fluid resistant by using a stream of artificial blood during 
certification tests. (CDC, 2018). The surgical respirators are designed to protect against airborne 
biological contaminants, but they do not eliminate the risks of exposure to disease or illnesses. 
The surgical respirators must also undergo approval by the FDA for use in healthcare settings. 
Industrial N95 respirators are designed to reduce exposure to certain airborne particulates and 
liquid and solid aerosols free of oil. The industrial respirators are not designed to be fluid 
resistant. Both of these respirators do not work well in oily conditions, so as a result N95 
respirators should never be used in oily conditions. Non-occupational masks have not been 
cleared by NIOSH/OSHA and are not permitted for use in occupational settings. However, they 
may be used in recreational settings. These respirators are designed to filter out at least 95% of 
airborne particles since they are classified as N95. 
The safety of employees is top priority by OSHA and NIOSH. Based on the environment 
there are specific guidelines to follow for the employer. The N95 respirators are designed to 
achieve filtration of airborne particles through a very close facial fit. The N95 respirators are 
evaluated by the National Personal Protective Technology Laboratory in the National Institute 
for Occupational Safety and Health (NIOSH). Once cleared, these respirators can be labeled “for 
occupational use”. There are also Surgical N95 Respirator that undergo testing by the FDA as 
well as NIOSH. The term N95 indicates that the respirator blocks at least 95% of very small (0.3 
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micron) particles (FDA.gov). There are also N97 and N99.97 respirators available for industry 
use. However, even with proper fitting these respirators do not eliminate all exposure hazards as 
they should not be used when dealing with gases and vapors (OSHA). Individuals with facial 
hair should also not wear these respirators since the individual may not have full protection. Not 
every respirator is labeled for occupational use, so the consumer should be aware of what is 
required and check accordingly. Respirators generally are not recommended for use in 
community settings, but may be used for people with increased risks for severe illnesses or other 
respiratory diseases. 
When making choices for respirators the individual’s current health status must also be 
taken into account. People may have a chronic respiratory diseases or some other medical 
condition that could make breathing through a respirator very difficult. These individuals should 
consult a healthcare provider to be cleared to use the respirator. With this taken into account 
there respirators on the market that do have an exhalation valve. This makes breathing out easier 
and reduces the heat buildup within the respirator. When selecting this type of respirator the user 
should be aware if the valve is working properly. If the respirator is overused or not maintained 
properly it could lead to increased leakage and exposure. Respirators with these valves are also 
inspected by NIOSH and are required to meet the same standards as a respirator with no 
exhalation valve. These respirators should not be utilized when working in an environment that 
needs to remain sterile.  OSHA policy that’s that the inward leakage of the exhalation valve is 
less than the allowable leakage of the high-efficiency particulate air (HEPA) filter (0.03%). The 
valve should be checked to insure it is not defective before use to ensure the safety of the person 




CHAPTER 2: Literature Review 
2.1 Health Effects 
 The known fact that tobacco products are carcinogens is sufficient evidence to test the 
effectiveness of respirators in filtering tobacco smoke. Out of the 4700+ chemicals that are in 
cigarettes, there are an estimated at least 250 chemicals in secondhand smoke that are toxic or 
carcinogenic (Fowles and Dybing 2003). Being in the presence of cigarette smoke can have 
specific biomarker changes to benzene and carcinogens.   As of now there isn’t sufficient 
evidence to link COPD and secondhand smoke, but there have been studies that have been 
done to test the correlation of lung functionality (Samet and Lange 1996; Kerstjens et al. 1997). 
Amongst these side effects secondhand smoke can also exhibit prothrombotic effects, 
endothelial cell dysfunction, and atherosclerosis in animals (Gairola et al., 2001).  It is no 
surprise that second hand smoke from tobacco products produces adverse effects, so any effort 
should be taken to reduce overall exposure to tobacco smoke. From the literature researched 
there is substantial evidence that would benefit reducing exposure to tobacco smoke if 
necessary. The concentrations selected for testing in this study are on the lower end of ambient 
concentrations tested by the IARC. The experimental chamber reflects a higher average than 
real life situations done by the same group, but the testing at 100k could be reflective of results 
found within a Discotheque where there are at least 6 people smoking at the same time. 
 There is currently limited data on the effectiveness of respirators and their ability to 
filter cigarette smoke. From what is currently available on the toxicology of secondhand smoke 
and tobacco smoke, the research shows that it is beneficial to reduce the exposure as much as 
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possible. From prolonged exposure individuals were found to excrete metabolites linked to the 
exposure of secondhand smoke (Yu and Weisel, 1996).  
2.2 Particle Penetration 
 To be considered for occupational use, the N95 FFR should filter out 95% of all particles 
within the air when undergoing testing. This means with a proper fit test the particle penetration 
should be at least lower than 5%. Studies have been conducted by numerous groups testing the 
particle penetrations of these respirators in various conditions using particles other than cigarette 
smoke. Ideally, the total penetration ends up being less than 5%, but various factors can 
influence the particle penetration. These respirators are designed to protect against workplace 
exposures Studies show that selected respirators approved my NIOSH function within the 
expected ranges when laboratory testing is conducted (Rengasamy, et. al). These respirators do 
not filter all particle sizes equally, so larger particles may have a lower penetration rate than 
smaller sized particles or vice versa. Cyclic flow rates show a decrease in particle penetration as 
compared to constant flow rates in studies by Chen and Willeke (1990) and Cho et al (2009). The 
general change in flow rates from 15-85 LPM also affect particle penetration, where the higher 
flow rates show a higher level of penetration (Cho et al, 2009). Work environments where 
Relative Humidity change should be taken into consideration when exposed to particulates. 
Mahdavi et al (2015) showed that an increase in RH correlates with an increase in particle 
penetration. When tested in low levels of RH it was found to have a significantly lower 
penetration. These factors are also correlated with flow rates, so it can be exasperated when high 
flow rates and high levels of humidity are a factor.  
2.3 Improper Respirator Fit 
7 
 
 Out of all of the factors that can affect face seal leakages, improper fit leads to the 
greatest variance in particle penetration. When the face seal leak was to a respirator in a study 
done by Cho et al (2009), there was a significant increase in particle penetration from a fully 
sealed respirator. The ratio of particles leaked through ranged from 1.9 to 16.1 depending on the 
seal. Another study conducted by Coffey et al. (1998) produced similar results. These studies 
showcase why fit testing for respirators is crucial and why proper fit testing is required by 
OSHA. Face seal leakage combined with high levels of flow rate produces very high levels of 
particle penetration because there is a much larger amount of air flowing through the leaks. 
2.4 Constant vs. Cyclic Flow Rates 
 There have been mixed results when comparing cyclic and constant flow rates for particle 
penetration. The results between Haruta et al. (2009) and Silverman et al. (1951) have a mix as to 
which type of flow rate induces a higher or lower penetration through the filters. In the study 
conducted by Cho et al. (2010) higher cycling breathing rates hat a lower face seal penetration 
and filter penetration did not change significantly. Brosseau et al (2010) showed that evaluating 
respirators under constant flow was predictable when testing asbestos and cyclic. However, 
asbestos was not predicted well with cyclic flow rates. This study shows that cyclic flow rates 
have more variability to the results and can vary across different aerosols or particulates. In 
another study by Eshbaugh et al. (2008) the cyclic and constant flows showed no significant 
difference between them, but both had increased penetration at higher flow rates. The most 
penetrating particle size for this study was found to be about 0.05 μm. These studies utilized a 





CHAPTER 3: Research Design and Methods 
3.1 Objectives of Study 
The objective of this study was to determine at the overall effectiveness of four brands of 
N95 respirators and their ability to filter tobacco smoke under various conditions. These 
conditions simulated different concentration levels, different flow rates, different respirators, and 
different leakage conditions. Flow rates range from 15 to 85 LPM and concentrations of from 
100,000 to 400,000 /cm3 with an error allowance of 20% for each concentration. 
3.2 Experimental Setup 
All sampling was done in the Mineral Resource building in Room 242 at varying times of the 
day. The sampling was conducted at room temperature, varying concentrations, varying flow 
rates, and different sealing conditions. Cigarette smoke was released inside a 46” by 46” by 46” 
sealed chamber with 4 mini desk fans to keep air circulating within the chamber. This chamber 
also had a vent at the top for exhausting airflow, but this vent was not used as it would expel the 
cigarette smoke. The vent lead to a laboratory hood so that the chamber could be purged after 
testing. The testing utilized a mannequin that is meant to mimic a human head. Cigarette smoke 
was produced from burning Marlboro Red cigarettes. Other apparatus included a constant 
airflow suction valve, and Hans Rudolph Breathing Simulator, Dap brand caulk to maintain a 
strong seal, and a 0.8mm inflating needles to simulate leaks around the nose, cheek, and chin. 
The main priority of this experiment was to determine the particle concentration that leaks into 
the respirators. The data was logged to a file on a computer using a TSI Nanoscan SMPS 
Nanoparticle Sizer to record particle concentration and distribution. Particle concentrations at 
100k, 200k, and 400k per cm3 with an acceptable error range of 20% were tested. The SMPS 
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Nanoscan was cleaned with an alcohol solution prior to each use to remove any residual 
particles. 
 The sample materials were ignited in the sealed chamber below the podium to allow the 
particles to be circulated by the fans. The air being circulated in the chamber (Figure 2) 
simulated being in an environment where the particles are present and disturbed by airflow. 
Additional cigarettes were used to keep the total concentration within the desired ranges. Data 














Figure 5: Workstation 
 
3.2.1 Sample Materials 
Four respirators were used for this experiment under varying conditions. The respirators 
were used for no longer than a total of 8 hours to properly simulate a typical work shift. Each 
time a new setup was required on the mannequin, a new respirator was placed and sealed 
accordingly to eliminate any stretches or deformation in the respirator when used.  The four 
respirators tested were the Moldex 2200 N95 (no exhalation valve), Moldex 2300 N95 
(exhalation valve), 3M 8210V (exhalation valve), and the Gerson N95 1730 (no exhalation 
valve). These respirators are certified by NIOSH for occupational use. In addition to this the 
respirator had 4 sealing conditions (fully sealed, nose leak, nose and cheek leak, nose cheek and 
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chin leak) along with constant and variable flow rates of 15, 30, 50, and 85 LPM. BiC multi-
purpose lighters were used to combust the cigarettes inside the chamber. These lighters are 
butane-fueled, so there is a possibility of these being recorded by the Nanoscan as well, but it is a 
very minor component of the total particle concentration present within the chamber. Marlboro 
Red filter cigarettes were used as the basis for the particle concentrations present within the 
chamber. Currently, there are over 4900 known chemicals present in cigarettes, so there are 
many different particulates that may pass through the FFR during this process. The materials 
used on the respirators is as follows: 
 Marlboro Red Filter Cigarettes 
 BiC Butane lighter (to ignite tobacco) 
 
3.2.2 Instruments 
 The Nanoscan measures the concentration being lead into the inlet valve over the span of 
1 minute. While the sampling is taking place the concentrations of the chamber and inside of the 
respirator. Base level readings and calibration were also performed before each trial. This 
information was recorded as “ok” once properly calibrated. Proper flow rate into the Nanoscan 
was recorded as 0.831-0.9 LPM for the duration of the experiment. This is the normal operating 
range when using this machine and the device recorded results with “No error” present in all 
results. Any results that had an error were discarded due to possible discrepancies and 
inconsistencies that may have occurred. The errors occurred during the Moldex 2200 and 2300, 
so the first trial of each facemask at 100k concentrations were performed again. The Nanoscan is 
capable of detecting particles with a range from 10 nm to 10 µm.  An example of how these 
measurements are listed below in table 1.2. The concentration of cigarette smoke was kept within 
12 
 
20,000 #/cm3 of the desired testing range. This was established due to the difficulty of 
maintaining a more narrow range. If the concentration of the cigarette smoke fell outside the 
desired test range, then the results of that specific test were voided until proper concentration 
levels were restored. 
The breathing simulator shown in Figure 4 was used to simulate cyclic flow. Cyclic flows 
were included in this experiment to see if simulated human breathing would have any effect on 
particle penetration at different flow rates. The simulator produced sinusoidal breathing patterns 
at 15, 30, 50, and 85 LPM flow rates to simulate different levels of breathing. These levels were 
meant to simulate normal to hard breathing effort on the mannequin. The lab’s vacuum valve 
was used for constant flow rates and could be adjusted to the same flow rate as the breathing 
simulator. The flow rates were measured by using an air flow meter while conducting the trials. 
3.3 Protocol 
Each respirator followed similar setup and replication procedures to help eliminate 
confounding variables. The tested respirator was fit onto the mannequin by using caulk on the 
mannequin, and afterwards the respirator was fully sealed around the face with Dap caulk. 
Afterwards, the caulk was set to dry for 24 hours and then any remaining particles were removed 
through 15 minutes of constant suction at 85 LPM. Afterwards, the respirators were thoroughly 
checked for any additional leaks that may have developed. Once the preliminary setup was 
completed the mannequin was placed inside of the chamber and hooked up to an airflow valve to 
simulate constant or variable flow rates of 15, 30, 50, 85 LPM respectively. One small outlet 
valve was used to connect to the Nanoscan to analyze the inside concentration of the respirator as 
needed. The mannequin was placed on a 24” tall podium at the rear of the chamber, and the 
cigarettes were placed at the base of the podium since the smoke would rise and be circulated 
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within the chamber. Once everything inside of the chamber was placed it was sealed to prevent 
the leakage of the tobacco smoke. When sealed, the cigarettes were slowly burned to achieve the 
desired concentration and additional amounts of cigarettes were burned accordingly. Rubber 
tubing was placed inside the chamber and passed through a small hole so that the concentration 
inside of the chamber could be checked with the Nanoscan. Once a sample with a proper reading 
was achieved inside of the chamber, a separate rubber tubing was connected to the Nanoscan to 
analyze the concentration inside the respirator of the mannequin. This process was repeated until 
5 chamber concentrations (outside) and 4 respirator concentrations (inside) were recorded by the 
Nanoscan software. During the sampling, the inside concentration of the chamber was monitored 
periodically. This process of analyzing concentrations was repeated 3 times for each variation of 
experiment to accrue more data and check for accuracy. Ideally, each sampling period would last 
a total of 27 minutes from start to finish. However, the total time spent sampling per trial could 
last as long as an hour due to fluctuating concentrations within the chamber. Any data that fell 
outside the desired range was not recorded and the sampling continued as normal.  Once the data 
was recorded and saved it was transferred to excel to determine the particle penetration of each 
respirator and condition set. Particle Penetration is determined by the following formula: 
 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑀𝑎𝑠𝑘 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
(𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒+𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝑐𝑜𝑛𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟)/2
 
 Ideally there shouldn’t be any particle penetration, but this is very unlikely to happen in 
any given scenario. 
 When leaks are introduced into testing the setup is the same, except that inflating needles 
with a 0.8mm holes were inserted between the mannequin’s face and the respirator. The sealant 
was used to hold these needles in place. These needles were inserted at the upper cheek, mid 
14 
 
cheek, and lower cheek. The purpose of these pins was to simulate an imperfect fit for someone 
wearing the respirator as more air from the chamber will penetrate inside of the respirator, and as 
a result an increase of cigarette smoke should be observed within the respirator. The pins are 
arranged on each side of the respirator so that a total of 2, 4, and 6 pins are placed in total on the 
mannequin.  
 
3.4 Data Analysis 
 The data collected from the Nanoscan was calculated using the particle penetration 
formula (see Equation 1). Once the particle penetration was determined the data was averaged 
across the three trials. These averages were then compared amongst the full frontal respirators 
being tested to see if there were any significant differences in particle penetration. The 
differences in leaks induced to each respirators were also compared to one another after testing 
was completed, The Nanoscan also operates within certain parameters according to the 
instruction manual provided by TSI. Results collected during the experiment an error were not 
used for final calculations. These errors could have led to discrepancies in the final calculations 
for each corresponding trial. As per previous guidelines stated earlier, any data collected that fell 
outside of the 20,000 #/cm3 concentration range for the testing was also omitted because this was 
not within the desired specifications for this study. The only particle sizes that were not detected 
during this experiment were 273.8 and 365.2 nm. 
Chapter 4: Results 
 The results of the four filtering facepiece respirators and their effectiveness to filter 
cigarette smoke are summarized in the tables in Appendix D. The results for each respirator were 
compared for varying concentrations and flow rates using a Tukey Grouping Mean statistical 
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analysis, which should show whether or not there is a statistical difference between conditions. 
The statistical analysis for each respirator is shown in Appendix D. Overall, the intentional leaks 
in the respirator increased particle penetration the most when compared to other factors tested. 
Leaks increased particle penetration by a maximum of 3%, which was the greatest change 
observed between factors. Once there were leak points, flow rate caused even more variation and 
particle penetration for each FFR. 
4.1 Analysis of Moldex 2200 FFR 
 Under the fully sealed conditions the mean particle penetration for constant and cyclic 
flow were 0.469 and 0.461% and did not show a statistically significant difference. For the 
highest flow rates, the particle penetration increased to a maximum of 0.56% and were 
statistically different from the results for the two lower flow rates. The overall particle 
penetration at lower concentrations were higher under the fully sealed conditions for this 
respirator. The average particle penetration at 100k was 0.62% and was almost double the 400k 
particle penetration of 0.35%. The largest determinant for particle penetration for fully sealed 
conditions was the flow rate. Even though the data shows that the particle penetration is the 
highest at 100k, the total amount of particles penetrating the respirators increases more when a 
higher flow rate was induced. This is shown by the statistical analysis as flow rate and 
concentration both have a p-value of less than .0001. 
 When one leak (two 0.8 mm holes) was introduced to the Moldex 2200, the particle 
penetration percentage at 100k had the highest average of 1.33% , but the difference in mean 
concentrations between them reduced greatly. In this grouping the concentrations at 200k and 
400k were not statistically different and their overall mean particle penetrations were 1.24% and 
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1.19% respectively. The difference in flow rate changed the particle penetration substantially 
across all concentrations and was statistically different from each flow rate. There was no 
statistical difference among constant and cyclic flow (Pr>F = .36). An increase in flow rate lead 
to an increase in particle penetration for both constant and cyclic flow rates. 
 Introducing two leaks (four 0.8mm holes) increased the particle penetration of all flow 
rates and concentrations even further, but no statistical difference was shown between constant 
and cyclic flows (P = 0.1932). The flow rates had a statistical difference among all flows, and the 
100k concentration was statistically different from the other mean concentrations. However, with 
two leaks introduced and under a constant flow 30 LPM, mean particle penetration was the 
highest under 400k concentration. The particle penetration for 200k was the highest under a 
cyclic flow of 15 LPM, but both of these mean particle penetrations were not statistically 
different from one another despite the newly observed trend. This suggests that the leaks played 
an important role in changing the normal trend that was seen under fully sealed conditions. 
 Three leaks (six 0.8mm holes) had no significant difference in flow type as well for the 
Moldex respirator. The flow rates continued to be statistically different among all flows, and the 
concentration of 400k had the highest mean, but it was no longer statistically different from 
concentrations at 200k. Constant flow rates of 15 and 30 LPM had the greatest mean particle 
penetrations at 200k, and this trend changed to 400k being the highest at flow rates of 50 and 85 
LPM. Cyclic flow rates had a different trend where the particle penetration was highest at 15 
LPM, penetration at 200k was the highest for 30 and 50 LPM, and penetration at 400k was the 
highest at 85 LPM and was significantly different from the other two concentrations. The overall 
observed trend changing even further supports that the simulated leaks in the respirator played a 
role in making the trends different. 
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4.2 Analysis of Moldex 2300 FFR 
 The fully sealed conditions had the same trend as the Moldex 2200 FFR. The flow rates 
and concentrations for particle penetration were significantly different among each flow rate and 
type. Overall, the difference in flow type was not significant (P = 0.874). All flow rates were 
significantly different from one another, and the mean particle penetration at concentration levels 
followed the same trend as the Moldex 2200. 
 Introducing one leak made the average particle penetration the highest at 200k and 
significantly different from particle penetration at 400k. Average particle penetration at 100k 
was in between these two and not significantly different from either one. The overall trend had 
the highest mean particle penetration at higher flow rates that were significantly different from 
one another. The constant flow rates had different trends for 30 and 50 LPM whereas the trends 
did not change for 50 and 85 LPM. Mean penetration at 30 LPM was highest at 400k and at 50 
LPM the mean penetration was highest at 200k. These values are not significantly different, but 
the change in trend should be noted when the leak was introduced. The trends for cyclic flow 
were all different except at 100k. Particle penetration at 400k was the highest at 30 LPM, but at 
the higher flow rates mean particle penetration was the highest at 200k. The only noteworthy 
difference in the addition of a second leak was the mean particle penetration losing its significant 
difference at 15 and 30 LPM. The other trends follow that of the Moldex 2200 at 2 leaks. 
 When three leaks were introduced the constant and cyclic flow rates were significantly 
different from one another. Again, once higher flow rates were introduced the mean particle 
penetration became higher at 200k and 400k while 100k proceeded to be the lowest out of the 
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three. The differences in the mean particle concentration were not statistically significant for 
these, but the change in trend is observed. 
4.3 Analysis of Gerson 1730 FFR 
 The Gerson FFR had a significant difference between the cyclic and constant flow types 
(P = 0.0036). The flow rates and concentrations remained to all be significantly different under 
fully sealed conditions. The trends for the Gerson respirator regarding flow types and 
concentrations reflect that of both Moldex respirators, but the overall penetration was slightly 
higher (roughly .1 to .2%). The flow type was also significantly different when 1 leak was 
introduced, and the trends started to change from the fully sealed conditions. The highest mean 
penetration varied amongst all flow types and concentrations and no distinguishable patterns 
were observed. 
 When two leaks were used, the flow types were no longer significantly different from one 
another. This was an interesting trend to observe, which suggests that the leaks in the respirator 
contribute to the flow types losing their differences. Under constant flows, the mean penetration 
no longer followed the normal trend of the highest flow rate having the highest mean penetration. 
Instead, the order went from 85 LPM, 50 LPM, 15 LPM, and then 30 LPM which was different 
than what was previously observed in other trials. The same trend followed for cyclic flows for 
two leaks in the respirators. Outside of this, the data followed normal patterns for the flow types 
and rates for each concentration tested. When three leaks were introduced there were no 
significant differences in cyclic or constant flows at all rates and concentrations. Previously, the 
data showed that there were significant differences in concentrations, but at three leaks this 
difference no longer existed. 
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4.4 Analysis of 3M FFR 
 Under fully sealed conditions, it was found that all variables for the 3M FFR were 
significantly different and all of the p - values were less than 0.0001. Under both constant and 
cyclic flows the 100k and 400k mean particle penetrations were statistically different from one 
another. The trend observed follows that of the Moldex 2200 respirator for the sealed conditions. 
The total particle penetration did remain under 1% for all trials, so the 3M respirators performed 
well under these conditions. 
 With leaks introduced to this respirators the flow types and concentrations were no longer 
significant variables. The flow rates influenced the particle penetration for all three leak types for 
this FFR. The difference in mean particle penetration was not significantly different for the flow 
rates in their groupings, but overall the difference was significant. The 3M respirators performed 
very similarly to that of the Moldex 2200, and the respirator followed the previously observed 
trends. Mean particle penetration was slightly higher than the Moldex 2200, but not to the point 
where the difference should be a concern. 
4.5 Particle Distributions at Varying Concentrations 
 All of the respirators exhibited very similar particle distributions and can be found below 
in Appendix C. Below are examples taken from the Moldex 2200 FFR that gives a depiction of 
what particle distribution can be expected from the tested respirators. Overall, the particle 
distributions were the same for all respirators. The only concentration that appeared different 
were the distributions at 100k. Once the concentration was increased to 200k or 400k the trend 




Figure 1: Particle distribution of the cigarette smoke at 100k. The tested particle sizes ranged 




Figure 2: Particle distribution of the cigarette smoke at 200k. The overall distribution looks much 
different than the concentrations at 100k. This is most likely due to a much larger amount of 































Figure 3 : This figure shows the particle distribution at a concentration of 400k. This trend is 




CHAPTER 5: Conclusions and Discussion 
 
5.1 Conclusions on Brand of FFRs 
Based on the data collected all of the respirators functioned within NIOSH and OSHA 
standards for occupational use. While Gerson respirator performed the worst out of this 
grouping, the overall difference in particle penetration is negligible. The differences between 
particle penetrations of each respirator was less than 1% for each respirator. The change in 
particle penetration was very noticeable when leaks were introduced to the respirator, increasing 
total penetration up to 3%. The exhalation valves did not decrease the functionality of the 
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Higher flow rates indicated more particles entering the respirator, and as a result lead to more 
particle penetration. This can be said for all respirators that were used in the study, and should be 
the case since a greater airflow is introduced into the respirator. The largest contributor for 
particle penetration were the simulated leaks. Only two 0.8mm needles showed a .5% increase at 
minimum across all respirators at 15 lpm, but when flow rates were at 85 lpm these increased to 
1% overall increase and particle penetration at 400k concentration resembled a similar 
penetration value to that of 100k. Similar results can be seen for 4 and 6 .8mm holes and in some 
trials the higher concentrations exceeded particle penetration much sooner than in better sealed 
tests. Under high flow rates and high concentration particle penetration was at least 2.5% for all 
respirators which is substantially greater than .47% found in the high concentration, high flow, 
and fully sealed conditions. These large changes are caused by leaks in the respirator rather than 
just an overall flow rate increase. It should also be noted that none of the test results indicated a 
reduced functionality for filtration. The only noticeable visual difference is that the respirator 
obtained a very light yellow tint at the end of testing. This yellow tint is typically present on 
people’s teeth and fingernails who frequently smoke. 
5.2 Variables That May Affect Particle Penetration  
 While it is shown in the data that leaks have an impact on particle penetration, it should 
be noted that these concentrations have more broad range of values that were recorded. This 
could be caused by the circulating airflow within the chamber. With the available equipment, 
there was no way to determine the airflow of the particles during the experiment.  Keeping the 
cigarette smoke concentration levels in the acceptable range would induce changes when there is 
a disturbance in the placement of objects in the chamber. The leaks in the respirator promote the 
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particles to be drawn into the respirator to increase the concentration, and this becomes more 
evident when higher flow rates are used. 
 The flow types and flow rates were shown to cause differences in particle penetration. 
From this data collected, considering multiple flow rates and using both constant and variable 
flow types should be considered for FFR testing. This would give more insight how well FFRs 
can handle the varying conditions in a realistic work environment. The current standard for 
testing FFRs should also be taken into consideration since there were some significant difference 
in flow types and rates under fully sealed conditions. 
5.3 Exhalation Valves 
 In regards to the exhalation valves, these respirators did not show a significant difference 
in particle penetration when being tested. N95 FFR with exhalation valves are held to the same 
standards as FFR without exhalation valves, so these results were not unexpected. OSHA and 
NIOSH do state that the valve should be checked and be clean before use to prevent a potential 
leak point on the FFR. Dust can get trapped in between the valve and opening, and this will 
cause an increase in particle penetration when wearing the respirator. During this study, the 
valves weren’t exposed to a high dust environment in which the valve would be impaired.  The 
respirators with exhalation valves were properly maintained during the study and as a result 
operated normally. If the respirators were not properly maintained and the valves were not 
working correctly, then this could be potentially seen as a new leak point. This would in turn 
cause higher levels of concentration when testing the respirators with exhalation valves 
5.4 Discussion on Selecting FFRs 
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 Overall, all four respirators performed similarly under fully sealed conditions for both 
constant and variable flow rates. There were not any significant differences between the types of 
respirators under any concentration when fully sealed. When leaks where introduced, there was 
an increase in particle penetration range, but the penetration range increase was present in all 
respirators and every flow rate change. The real issue arises when you combine respirator leaks 
with an increase in flow rates through the respirator. When both of these conditions were 
combined to the fullest extent the particle penetration reaches over 3%. This is a problem for 
tobacco smoke because carcinogens do not have a minimum threshold at which they can induce 
cancerous effects within the body. Any increase in exposure should be avoided at all costs in 
cases such as these. Even under the best conditions the respirators do not filter out all of the 
particles and the particle distribution of penetrating particles remains similar to the particle 
composition in the chamber according to Nanoscan test results. Another unknown issue from 
these results is that there is no way to tell which chemicals are penetrating the respirator because 
of 2 main reasons: there is no way to selectively view the chemicals, and there are over 4700+ 
known chemicals in cigarettes. The purpose was to determine the effectiveness of these 
respirators under varying conditions, which was achieved. 
 With all of these things taken into consideration, the selection of the FFR should be based 
upon user preference. While the FFRs did have different particle penetrations, these differences 
have no practical significance in the industry. Differences of less than 1% among brands is not 
great enough to draw conclusions about which respirator is more effective. The users of these 
respirators should be diligent on the current fit of the respirator since small leaks can increase 




 Due to the numerous amount of chemicals present within cigarettes, there is no way to 
reasonably know which particles are penetrating the N95 FFRs. There was also no reasonable 
way to detect the flow rate through the inflating needles that were used to simulate leaks. The 
flow rates through them could have been high or low, but there was no way to detect that. It is 
known that in general tobacco products are not safe and have the possibility to cause cancer, so 
no level of concentration could be considered safe to be exposed to. This test was also limited to 
N95 FFRs. This being the only known study currently that involves all of these variables, further 




Chapter 6: Recommendations 
 
 When it comes selecting a respirator to use, any of the four respirators tested are suitable 
for reducing exposure to tobacco smoke. These may not be the “most” effective choices, but they 
do show a significant reduction in exposure when compared to particle concentration within the 
test chamber. For the respirators tested, they were shown to reduce exposure to the cigarette 
smoke under any testing condition, regardless of how well the seal/fit was on the face. For any 
individual looking to reduce exposure to cigarette smoke, these four respirators would provide a 
reduction in the total exposure even at high concentrations. Current individuals working in an 
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environment where they are exposed to cigarette smoke will benefit from the use of a respirator. 
If tobacco use increases in the future, concentrations of ambient tobacco smoke will rise to the 
point where more people will be concerned about their exposure. This experiment provides 
insight as to how well current respirators are able to filter out the tobacco smoke in an a 
simulated environment. Studies that include real life scenarios should be tested in the future to 
determine how well tobacco smoke is filtered in a non-lab setting 
 Future studies could analyze an even greater amount of particle concentration since the 
concentrations being tested were within the range of the SMPS. The unique findings of this 
experiment along with people being concerned about the adverse health effects of tobacco smoke 
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Appendix A: Sample Location and Workstation 
Figure 1: All research was done in room 242 at the 








Figure 2: The workstation, chamber, podium, and sampling apparatus. The podium was kept 
near the back end of the chamber as much as possible. Cigarettes were not burned directly 
under the vent as this caused a greater increase in the escape of smoke. The 4 fans located in 




Figure 3: Frontal View of the chamber. The protective gloves allowed the user to manipulate 
the inside concentration of the chamber without opening the doors and causing leakage. 
Cigarettes were burned in the chamber as needed. 
 
Figure 4: Breathing simulator used to simulate human 
lungs during the experiment. Preloaded sets were used 
to achieve 15, 30, 50, and 85 LPM. Constant airflow 
valves were located to the right and used for constant 















Figure 5: Shows the Nanoscan Particle Scanner, and 
the laptop used to extract data from the Nanoscan. 
Rubber tubing was used to read the inside 












Figure 6: Example of an inflating needle used to 
simulate leaks for the respirator. The maximum 








Figure 7: The Nanoscan SMPS keeps track of particle 
concentrations inside the respirator and chambers 











Figure 8: Regular Marlboro Red Filter Cigarettes 








Appendix B: Description of Personal Protective 
Equipment 
Figure 12: The image to the left shows the 3M 8210V 
N95 Respirator mask and how it is to be worn. The 
exhalation valve on the front of the respirator 
provides assistance for easier breathing while 
keeping any additional particle penetration to a 
minimum if functioning correctly. Personal 
preference is 3rd place for this respirator as it was 






Figure 13: This image shows the Gerson 1730 N95 
Respirator mask. This respirator does not house an 
exhalation valve and felt the most uncomfortable 
to wear out of the four respirators. The overall 










Figure 14: This shows the Moldex 2200 N95 
Respirator Mask. Overall the Moldex design 
that the most snug and comfortable fit. The 
Moldex brand had more contoured design that 
made it more appealing to wear out of the 
selected respirators. This model does not have 






Figure 15: This is the Moldex 2300 N95 
Respirator Mask with an exhalation valve. The 
overall design is similar to the Moldex 2200 
and is comfortable to wear. The exhalation 
valve also makes it easier to breathe when the 
respirator is on. Keeping the exhalation valve 












Figure 16: Shows each of the boxes the 
respirators come in when purchased from a 
retailer. Respirators should be stored in a 
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Appendix D: Statistical Tables for FFR Data 
Key: ft = flow type, fr = flow rate, c = concentration 





Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 0.469195 48 Con ft 1 0.001425 0.001425 0.92 0.3406
A 0.461488 48 Cyc fr 3 0.631032 0.210344 135.79 <.0001
c 2 1.347227 0.673614 434.86 <.0001
ft*fr 3 0.003528 0.001176 0.76 0.5206
Tukey Grouping Mean N fr ft*c 2 0.007849 0.003925 2.53 0.0864
A 0.56833 24 85 fr*c 6 0.021536 0.003589 2.32 0.0421
B 0.50416 24 50 ft*fr*c 6 0.004035 0.000672 0.43 0.8538
C 0.43985 24 30
D 0.34902 24 15
Tukey Grouping Mean N c
A 0.624102 32 100k
B 0.432295 32 200k
C 0.339628 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 0.58008 12 85 fr 3 0.350893 0.116965 60.54 <.0001
B 0.51083 12 50 c 2 0.601465 0.300732 155.65 <.0001
C 0.43524 12 30 fr*c 6 0.013422 0.002237 1.16 0.3501
D 0.35063 12 15
Tukey Grouping Mean N c
A 0.62174 16 100k
B 0.42958 16 200k
C 0.35627 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 0.55658 12 85 fr 3 0.283667 0.094556 81.09 <.0001
B 0.49749 12 50 c 2 0.753612 0.376806 323.16 <.0001
C 0.44446 12 30 fr*c 6 0.012149 0.002025 1.74 0.1407
D 0.34742 12 15
Tukey Grouping Mean N c
A 0.62647 16 100k
B 0.43501 16 200k













Tukey Grouping Mean N ft Source DF Type III SS Mean Square F Value Pr > F 
A 1.26919 48 Con ft 1 0.017648 0.017648 0.84 0.3621 
A 1.24208 48 Cyc fr 3 16.14922 5.383075 256.59 <.0001 
c 2 0.339806 0.169903 8.1 0.0007 
ft*fr 3 0.003282 0.001094 0.05 0.9842 
Tukey Grouping Mean N fr ft*c 2 0.016398 0.008199 0.39 0.6779 
A 1.79995 24 85 fr*c 6 0.424108 0.070685 3.37 0.0055 
B 1.466 24 50 ft*fr*c 6 0.313584 0.052264 2.49 0.0302 
C 1.03254 24 30 
D 0.72405 24 15 
Tukey Grouping Mean N c 
A 1.33481 32 100k 
B 1.2407 32 200k 
B 1.19139 32 400k 
Constant Flow 
Tukey Grouping Mean N fr Source DF Type III SS Mean Square F Value Pr > F 
A 1.80692 12 85 fr 3 7.959694 2.653231 91.4 <.0001 
B 1.48465 12 50 c 2 0.179418 0.089709 3.09 0.0577 
C 1.0411 12 30 fr*c 6 0.273977 0.045663 1.57 0.1834 
D 0.74411 12 15 
Tukey Grouping Mean N c 
A 1.35493 16 100k 
A 1.23601 16 200k 
A 1.21664 16 400k 
Cyclic Flow 
Tukey Grouping Mean N fr Source DF Type III SS Mean Square F Value Pr > F 
A 1.79298 12 85 fr 3 8.192813 2.730938 211.22 <.0001 
B 1.44735 12 50 c 2 0.176787 0.088393 6.84 0.003 
C 1.02399 12 30 fr*c 6 0.463715 0.077286 5.98 0.0002 
D 0.70399 12 15 
Tukey Grouping Mean N c 
A 1.31469 16 100k 
AB 1.24539 16 200k 
B 1.16615 16 400k 
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.44241 48 Cyc ft 1 0.042789 0.042789 1.73 0.1932
A 1.40018 48 Con fr 3 23.76664 7.922214 319.41 <.0001
c 2 0.416095 0.208047 8.39 0.0005
ft*fr 3 0.034995 0.011665 0.47 0.7039
Tukey Grouping Mean N fr ft*c 2 0.011015 0.005508 0.22 0.8014
A 2.1313 24 85 fr*c 6 0.356007 0.059335 2.39 0.0365
B 1.62337 24 50 ft*fr*c 6 0.146544 0.024424 0.98 0.4421
C 1.08646 24 30
D 0.84404 24 15
Tukey Grouping Mean N c
A 1.51435 32 100k
B 1.37731 32 400k
B 1.37222 32 200k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.12841 12 85 fr 3 12.59679 4.19893 138.74 <.0001
B 1.6064 12 50 c 2 0.245746 0.122873 4.06 0.0257
C 1.07489 12 30 fr*c 6 0.238904 0.039817 1.32 0.2754
D 0.79102 12 15
Tukey Grouping Mean N c
A 1.50002 16 100k
AB 1.36454 16 400k
B 1.33598 16 200k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.13418 12 85 fr 3 11.20485 3.734949 193.11 <.0001
B 1.64035 12 50 c 2 0.181364 0.090682 4.69 0.0155
C 1.09804 12 30 fr*c 6 0.263647 0.043941 2.27 0.0582
D 0.89705 12 15
Tukey Grouping Mean N c
A 1.52869 16 100k
B 1.40845 16 200k
B 1.39008 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 2.04972 48 Cyc ft 1 0.010298 0.010298 0.33 0.5677
A 2.029 48 Con fr 3 25.46572 8.488573 271.72 <.0001
c 2 0.868501 0.43425 13.9 <.0001
ft*fr 3 0.507495 0.169165 5.42 0.002
Tukey Grouping Mean N fr ft*c 2 0.019924 0.009962 0.32 0.728
A 2.7476 24 85 fr*c 6 1.098746 0.183124 5.86 <.0001
B 2.22801 24 50 ft*fr*c 6 0.13392 0.02232 0.71 0.6391
C 1.83758 24 30
D 1.34426 24 15
Tukey Grouping Mean N c
A 2.13424 32 400k
A 2.0745 32 200k
B 1.90934 32 100k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.65172 12 85 fr 3 11.98619 3.995396 113.06 <.0001
B 2.32785 12 50 c 2 0.439071 0.219535 6.21 0.0048
C 1.78858 12 30 fr*c 6 0.346559 0.05776 1.63 0.1661
D 1.34786 12 15
Tukey Grouping Mean N c
A 2.10889 16 400k
A 2.08359 16 200k
B 1.89454 16 100k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.84347 12 85 fr 3 13.98703 4.662342 171.79 <.0001
B 2.12816 12 50 c 2 0.449354 0.224677 8.28 0.0011
C 1.88658 12 30 fr*c 6 0.886107 0.147684 5.44 0.0004
D 1.34066 12 15
Tukey Grouping Mean N c
A 2.15959 16 400k
AB 2.06541 16 200k
B 1.92415 16 100k
49 
 







Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 0.473297 48 Cyc ft 1 4.57E-05 4.57E-05 0.03 0.874
A 0.471918 48 Con fr 3 0.664205 0.221402 122.78 <.0001
c 2 1.461482 0.730741 405.23 <.0001
ft*fr 3 0.013731 0.004577 2.54 0.0633
Tukey Grouping Mean N fr ft*c 2 0.023348 0.011674 6.47 0.0026
A 0.59192 24 85 fr*c 6 0.034049 0.005675 3.15 0.0085
B 0.49534 24 50 ft*fr*c 6 0.029035 0.004839 2.68 0.0209
C 0.43923 24 30
D 0.36394 24 15
Tukey Grouping Mean N c
A 0.64162 32 100k
B 0.42568 32 200k
C 0.35053 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 0.57489 12 85 fr 3 0.303559 0.101186 40.39 <.0001
B 0.51209 12 50 c 2 0.558024 0.279012 111.36 <.0001
C 0.438 12 30 fr*c 6 0.035221 0.00587 2.34 0.0518
D 0.36269 12 15
Tukey Grouping Mean N c
A 0.61993 16 100k
B 0.42964 16 200k
C 0.36618 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 0.60896 12 85 fr 3 0.374377 0.124792 113.34 <.0001
B 0.47858 12 50 c 2 0.926806 0.463403 420.89 <.0001
C 0.44046 12 30 fr*c 6 0.027863 0.004644 4.22 0.0026
D 0.36519 12 15
Tukey Grouping Mean N c
A 0.6633 16 100k
B 0.42172 16 200k
C 0.33487 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.3997 48 Cyc ft 1 0.132537 0.132537 3.33 0.0721
A 1.32539 48 Con fr 3 16.3367 5.445568 136.89 <.0001
c 2 0.338112 0.169056 4.25 0.018
ft*fr 3 0.17897 0.059657 1.5 0.222
Tukey Grouping Mean N fr ft*c 2 0.130295 0.065147 1.64 0.2016
A 1.94975 24 85 fr*c 6 0.766826 0.127804 3.21 0.0075
B 1.51674 24 50 ft*fr*c 6 0.510677 0.085113 2.14 0.0591
C 1.12835 24 30
D 0.85534 24 15
Tukey Grouping Mean N c
A 1.42659 32 200k
AB 1.37749 32 100k
B 1.28355 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 1.84322 12 85 fr 3 6.798637 2.266212 46.65 <.0001
B 1.50221 12 50 c 2 0.130566 0.065283 1.34 0.2736
C 1.09176 12 30 fr*c 6 0.285034 0.047506 0.98 0.4543
C 0.86436 12 15
Tukey Grouping Mean N c
A 1.38034 16 100k
A 1.34052 16 200k
A 1.2553 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.05628 12 85 fr 3 9.717036 3.239012 104.53 <.0001
B 1.53127 12 50 c 2 0.337842 0.168921 5.45 0.0085
C 1.16494 12 30 fr*c 6 0.992469 0.165412 5.34 0.0005
D 0.84631 12 15
Tukey Grouping Mean N c
A 1.51266 16 200k
AB 1.37465 16 100k
B 1.31179 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.50228 48 Con ft 1 0.000199 0.000199 0.01 0.9241
A 1.4994 48 Cyc fr 3 22.63398 7.544659 347.23 <.0001
c 2 1.209345 0.604672 27.83 <.0001
ft*fr 3 0.087563 0.029188 1.34 0.2671
Tukey Grouping Mean N fr ft*c 2 0.074906 0.037453 1.72 0.1857
A 2.16377 24 85 fr*c 6 0.959114 0.159852 7.36 <.0001
B 1.75123 24 50 ft*fr*c 6 0.507732 0.084622 3.89 0.002
C 1.15334 24 30
D 0.93502 24 15
Tukey Grouping Mean N c
A 1.6543 32 100k
B 1.45921 32 400k
B 1.389 32 200k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.18909 12 85 fr 3 12.17492 4.058305 214.5 <.0001
B 1.75123 12 50 c 2 0.353407 0.176703 9.34 0.0005
C 1.18113 12 30 fr*c 6 1.066777 0.177796 9.4 <.0001
D 0.88766 12 15
Tukey Grouping Mean N c
A 1.61626 16 100k
B 1.48135 16 400k
B 1.40922 16 200k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.13845 12 85 fr 3 10.54662 3.515541 143.28 <.0001
B 1.75123 12 50 c 2 0.930844 0.465422 18.97 <.0001
C 1.12554 12 30 fr*c 6 0.400069 0.066678 2.72 0.0279
C 0.98238 12 15
Tukey Grouping Mean N c
A 1.69235 16 100k
B 1.43706 16 400k
B 1.36879 16 200k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 2.18153 48 Cyc ft 1 0.373869 0.373869 12.46 0.0007
B 2.05672 48 Con fr 3 27.27695 9.092317 303.07 <.0001
c 2 0.480464 0.240232 8.01 0.0007
ft*fr 3 0.022751 0.007584 0.25 0.8591
Tukey Grouping Mean N fr ft*c 2 0.067727 0.033864 1.13 0.3291
A 2.80208 24 85 fr*c 6 0.955382 0.15923 5.31 0.0001
B 2.41331 24 50 ft*fr*c 6 0.086806 0.014468 0.48 0.8195
C 1.86097 24 30
D 1.40015 24 15
Tukey Grouping Mean N c
A 2.20079 32 400k
AB 2.12836 32 200k
B 2.02824 32 100k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.75274 12 85 fr 3 13.49117 4.497055 135.37 <.0001
B 2.33054 12 50 c 2 0.421378 0.210689 6.34 0.0044
C 1.78925 12 30 fr*c 6 0.388412 0.064735 1.95 0.0993
D 1.35436 12 15
Tukey Grouping Mean N c
A 2.15089 16 400k
A 2.09038 16 200k
B 1.92891 16 100k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.85143 12 85 fr 3 13.80854 4.602846 171.88 <.0001
B 2.49607 12 50 c 2 0.126813 0.063407 2.37 0.1081
C 1.93269 12 30 fr*c 6 0.653776 0.108963 4.07 0.0032
D 1.44594 12 15
Tukey Grouping Mean N c
A 2.25069 16 400k
A 2.16634 16 200k
A 2.12757 16 100k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 0.494587 48 Cyc ft 1 0.016064 0.016064 9.06 0.0036
B 0.468715 48 Con fr 3 0.96074 0.320247 180.64 <.0001
c 2 1.492433 0.746216 420.92 <.0001
ft*fr 3 0.018597 0.006199 3.5 0.0198
A 0.62859 24 85 ft*c 2 0.021619 0.010809 6.1 0.0036
B 0.50522 24 50 fr*c 6 0.081234 0.013539 7.64 <.0001
C 0.43731 24 30 ft*fr*c 6 0.031434 0.005239 2.96 0.0123
D 0.35548 24 15
Tukey Grouping Mean N c
A 0.65475 32 100k
B 0.42423 32 200k
C 0.36598 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 0.59456 12 85 fr 3 0.423398 0.141133 87.76 <.0001
B 0.50987 12 50 c 2 0.57746 0.28873 179.54 <.0001
C 0.42884 12 30 fr*c 6 0.039904 0.006651 4.14 0.0029
D 0.34159 12 15
Tukey Grouping Mean N c
A 0.62088 16 100k
B 0.4187 16 200k
C 0.36656 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 0.66261 12 85 fr 3 0.55594 0.185313 95.64 <.0001
B 0.50057 12 50 c 2 0.936592 0.468296 241.7 <.0001
C 0.44579 12 30 fr*c 6 0.072764 0.012127 6.26 0.0001
D 0.36938 12 15
Tukey Grouping Mean N c
A 0.68861 16 100k
B 0.42975 16 200k
C 0.3654 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.46855 48 Cyc ft 1 0.227686 0.227686 13.49 0.0005
B 1.37115 48 Con fr 3 4.658305 1.552768 91.97 <.0001
c 2 1.209431 0.604715 35.82 <.0001
ft*fr 3 1.531608 0.510536 30.24 <.0001
Tukey Grouping Mean N fr ft*c 2 0.994755 0.497378 29.46 <.0001
A 1.73133 24 85 fr*c 6 0.688875 0.114813 6.8 <.0001
B 1.49618 24 50 ft*fr*c 6 0.782655 0.130443 7.73 <.0001
C 1.31556 24 30
D 1.13634 24 15
Tukey Grouping Mean N c
A 1.54754 32 100k
B 1.43767 32 200k
C 1.27434 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 1.84332 12 85 fr 3 5.119188 1.706396 93.23 <.0001
B 1.50669 12 50 c 2 0.03392 0.01696 0.93 0.4051
C 1.08511 12 30 fr*c 6 0.343745 0.057291 3.13 0.0143
C 1.04949 12 15
Tukey Grouping Mean N c
A 1.40573 16 200k
A 1.36664 16 100k
A 1.34109 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 1.61934 12 85 fr 3 1.070725 0.356908 23.08 <.0001
A 1.54601 12 30 c 2 2.170266 1.085133 70.17 <.0001
A 1.48566 12 50 fr*c 6 1.127786 0.187964 12.16 <.0001
B 1.2232 12 15
Tukey Grouping Mean N c
A 1.72844 16 100k
B 1.46961 16 200k
C 1.2076 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.66155 48 Con ft 1 0.00837 0.00837 0.45 0.5028
A 1.64287 48 Cyc fr 3 12.54846 4.18282 226.68 <.0001
c 2 3.579122 1.789561 96.98 <.0001
ft*fr 3 0.044672 0.014891 0.81 0.4941
Tukey Grouping Mean N fr ft*c 2 0.026018 0.013009 0.7 0.4975
A 2.19358 24 85 fr*c 6 2.103677 0.350613 19 <.0001
B 1.66548 24 50 ft*fr*c 6 0.366503 0.061084 3.31 0.0062
B 1.56953 24 15
C 1.18024 24 30
Tukey Grouping Mean N c
A 1.88385 32 100k
B 1.66161 32 200k
C 1.41117 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.17016 12 85 fr 3 5.55821 1.852737 93.77 <.0001
B 1.67953 12 50 c 2 1.862494 0.931247 47.13 <.0001
B 1.57925 12 15 fr*c 6 0.869352 0.144892 7.33 <.0001
C 1.21725 12 30
Tukey Grouping Mean N c
A 1.90916 16 100k
B 1.64829 16 200k
C 1.4272 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.21701 12 85 fr 3 7.034924 2.344975 136.75 <.0001
B 1.65144 12 50 c 2 1.742646 0.871323 50.81 <.0001
B 1.55982 12 15 fr*c 6 1.600829 0.266805 15.56 <.0001
C 1.14323 12 30
Tukey Grouping Mean N c
A 1.85855 16 100k
B 1.67493 16 200k
C 1.39514 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 2.29841 48 Cyc ft 1 0.157328 0.157328 3.4 0.0694
A 2.21745 48 Con fr 3 27.66599 9.221997 199.12 <.0001
c 2 0.105012 0.052506 1.13 0.3275
ft*fr 3 0.134881 0.04496 0.97 0.4114
Tukey Grouping Mean N fr ft*c 2 0.034557 0.017279 0.37 0.6899
A 2.96945 24 85 fr*c 6 1.59841 0.266402 5.75 <.0001
B 2.56502 24 50 ft*fr*c 6 0.366927 0.061154 1.32 0.2592
C 1.87787 24 30
D 1.61938 24 15
Tukey Grouping Mean N c
A 2.29478 32 200k
A 2.26446 32 400k
A 2.21456 32 100k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.95964 12 85 fr 3 13.62779 4.542596 122.55 <.0001
B 2.4616 12 50 c 2 0.009564 0.004782 0.13 0.8794
C 1.86349 12 30 fr*c 6 0.650119 0.108353 2.92 0.0199
D 1.58507 12 15
Tukey Grouping Mean N c
A 2.23274 16 200k
A 2.22092 16 400k
A 2.19869 16 100k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.97927 12 85 fr 3 14.17308 4.724361 85.03 <.0001
B 2.66843 12 50 c 2 0.130005 0.065003 1.17 0.3219
C 1.89225 12 30 fr*c 6 1.315217 0.219203 3.95 0.0039
C 1.6537 12 15
Tukey Grouping Mean N c
A 2.35682 16 200k
A 2.30799 16 400k
A 2.23043 16 100k
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Tukey Grouping Mean N ft Source DF Type III SS Mean Square F Value Pr > F
A 0.52629 48 Cyc ft 1 0.056261 0.05626145 22.07 <.0001
B 0.47788 48 Con fr 3 0.881541 0.29384709 115.28 <.0001
c 2 2.138168 1.06908424 419.4 <.0001
ft*fr 3 0.076526 0.02550853 10.01 <.0001
Tukey Grouping Mean N fr ft*c 2 0.058115 0.02905732 11.4 <.0001
A 0.62051 24 85 fr*c 6 0.114505 0.0190842 7.49 <.0001
B 0.52634 24 50 ft*fr*c 6 0.173408 0.02890135 11.34 <.0001
B 0.50801 24 30
C 0.35348 24 15
Tukey Grouping Mean N c
A 0.70658 32 100k
B 0.44506 32 200k
C 0.35462 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean Square F Value Pr > F
A 0.58184 12 85 fr 3 0.322495 0.10749836 41.68 <.0001
B 0.52104 12 50 c 2 0.745638 0.37281894 144.54 <.0001
C 0.44544 12 30 fr*c 6 0.033969 0.00566145 2.19 0.0661
D 0.36319 12 15
Tukey Grouping Mean N c
A 0.64865 16 100k
B 0.43027 16 200k
C 0.3547 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean Square F Value Pr > F
A 0.65919 12 85 fr 3 0.635572 0.21185726 84.11 <.0001
B 0.57058 12 30 c 2 1.450645 0.72532263 287.96 <.0001
B 0.53164 12 50 fr*c 6 0.253945 0.04232411 16.8 <.0001
C 0.34377 12 15
Tukey Grouping Mean N c
A 0.76451 16 100k
B 0.45984 16 200k
C 0.35453 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.32656 48 Cyc ft 1 0.0199 0.0199 1.58 0.2129
A 1.29776 48 Con fr 3 13.01088 4.336959 344.15 <.0001
c 2 0.058428 0.029214 2.32 0.1058
ft*fr 3 0.471871 0.15729 12.48 <.0001
Tukey Grouping Mean N fr ft*c 2 0.146135 0.073067 5.8 0.0046
A 1.83824 24 85 fr*c 6 0.184838 0.030806 2.44 0.033
B 1.43664 24 50 ft*fr*c 6 0.237225 0.039537 3.14 0.0087
C 1.12516 24 30
D 0.8486 24 15
Tukey Grouping Mean N c
A 1.33075 32 100k
A 1.32843 32 400k
A 1.2773 32 200k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 1.87183 12 85 fr 3 8.831175 2.943725 140.44 <.0001
B 1.50275 12 50 c 2 0.051844 0.025922 1.24 0.3024
C 1.08273 12 30 fr*c 6 0.130347 0.021724 1.04 0.4181
D 0.73374 12 15
Tukey Grouping Mean N c
A 1.33943 16 100k
A 1.29477 16 200k
A 1.25909 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 1.80466 12 85 fr 3 4.651572 1.550524 365.4 <.0001
B 1.37053 12 50 c 2 0.152719 0.07636 18 <.0001
C 1.16758 12 30 fr*c 6 0.291716 0.048619 11.46 <.0001
D 0.96345 12 15
Tukey Grouping Mean N c
A 1.39777 16 400k
B 1.32207 16 100k










Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 1.83982 48 Cyc ft 1 0.168545 0.168545 13.73 0.0004
B 1.75602 48 Con fr 3 11.65993 3.886644 316.55 <.0001
c 2 5.697777 2.848888 232.03 <.0001
ft*fr 3 0.323296 0.107765 8.78 <.0001
Tukey Grouping Mean N fr ft*c 2 0.072581 0.03629 2.96 0.0584
A 2.34225 24 85 fr*c 6 1.809573 0.301596 24.56 <.0001
B 1.85512 24 50 ft*fr*c 6 1.002676 0.167113 13.61 <.0001
C 1.54883 24 15
D 1.44547 24 30
Tukey Grouping Mean N c
A 2.11636 32 100k
B 1.7526 32 200k
C 1.5248 32 400k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.36865 12 85 fr 3 7.378836 2.459612 153.5 <.0001
B 1.79611 12 50 c 2 2.245577 1.122789 70.07 <.0001
C 1.54134 12 15 fr*c 6 1.280602 0.213434 13.32 <.0001
D 1.31797 12 30
Tukey Grouping Mean N c
A 2.03717 16 100k
B 1.71979 16 200k
C 1.51109 16 400k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 2.31584 12 85 fr 3 4.604393 1.534798 179.87 <.0001
B 1.91414 12 50 c 2 3.52478 1.76239 206.54 <.0001
C 1.57298 12 30 fr*c 6 1.531647 0.255274 29.92 <.0001
C 1.55632 12 15
Tukey Grouping Mean N c
A 2.19555 16 100k
B 1.78541 16 200k
C 1.5385 16 400k
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Tukey Grouping Mean N ft Source DF Type III SS Mean SquareF Value Pr > F
A 2.43253 48 Cyc ft 1 0.035844 0.035844 1.24 0.269
A 2.39389 48 Con fr 3 29.14495 9.714985 336.27 <.0001
c 2 1.109313 0.554656 19.2 <.0001
ft*fr 3 0.129779 0.04326 1.5 0.2226
Tukey Grouping Mean N fr ft*c 2 0.159078 0.079539 2.75 0.0704
A 3.11763 24 85 fr*c 6 2.010089 0.335015 11.6 <.0001
B 2.78021 24 50 ft*fr*c 6 0.14247 0.023745 0.82 0.5567
C 1.94642 24 30
D 1.80857 24 15
Tukey Grouping Mean N c
A 2.56452 32 400k
B 2.35029 32 100k
B 2.32482 32 200k
Constant Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 3.13058 12 85 fr 3 16.34513 5.448378 196.03 <.0001
B 2.79122 12 50 c 2 1.009948 0.504974 18.17 <.0001
C 1.92306 12 30 fr*c 6 1.078324 0.179721 6.47 0.0001
D 1.73069 12 15
Tukey Grouping Mean N c
A 2.59894 16 400k
B 2.2965 16 200k
B 2.28622 16 100k
Cyclic Flow
Tukey Grouping Mean N fr Source DF Type III SS Mean SquareF Value Pr > F
A 3.10469 12 85 fr 3 12.9296 4.309867 143.72 <.0001
B 2.76919 12 50 c 2 0.258443 0.129221 4.31 0.021
C 1.96978 12 30 fr*c 6 1.074235 0.179039 5.97 0.0002
C 1.88646 12 15
Tukey Grouping Mean N c
A 2.5301 16 400k
AB 2.41436 16 100k
B 2.35314 16 200k
